To evaluate the effect of benthic algae on soluble reactive phosphorus (SRP) release from sediments in shallow lakes, experiments on SRP release with and without benthic algae in sediment cores and an experiment on SRP uptake by benthic algae were conducted using the radioisotope ( 32 P) tracing method. The dissolved oxygen (DO) concentration in sediment cores was also investigated. The results show that benthic algae effectively reduce the release of SRP from sediments to overlying water. The uptake of SRP by benthic algae, which is the direct way in which benthic algae affect the SRP release from sediments, is low in filtered water and increases with the SRP concentration. However, in the experiment, the increased uptake rate lasted for a short time (in one hour), and after that it returned to a low rate. Benthic algae make the DO concentration and the oxic layer thickness increased, which can indirectly reduce the SRP release from sediments. These findings indicate that benthic algae can reduce the SRP release from sediments in both direct and indirect ways. It seems that the indirect way also plays an important role in reducing the SRP release from sediments.
Introduction
In shallow lakes, sediments play an important role in determining water quality due to the fact that a unit volume of water with a larger amount of sediment has a larger sediment surface. Internal release from sediments can maintain high nutrient levels in water even after dramatic reductions in external loading (van der Molen and Boers, 1994; Søndergaard et al., 2003) . Phosphorus (P) in sediments, especially soluble reactive phosphorus (SRP), is significant to the internal release of nutrients in shallow lakes (Holdren and Armstrong, 1986 ).
The SRP release in shallow lakes must be considered because it will considerably affect pelagic algae production (Søndergaard et al., 2003; Smolders et al., 2006) .
Benthic algae can affect the SRP release from sediments in shallow lakes in direct and indirect ways (Dodds, 2003; Tyler and McGlathery, 2003) . Benthic algae can take up SRP from sediments and reduce the SRP release from sediments (Stevenson and Stoermer, 1982; McCormick and O'Dell, 1996) , which is the direct way in which the SRP release from sediments is affected. Benthic algae can also indirectly reduce the SRP release from sediments by altering biogeochemical conditions of sediments, such as the dissolved oxygen (DO), because of the algae's location above the sediments. The oxygen produced by benthic algae during the photosynthetic process causes an increased conversion of the Fe 2þ ions to Fe 3þ ions in sediments, which forms an insoluble compound with phosphate ions. As a result, the SRP release from sediments is reduced (Dodds, 2003; Carlton and Wetzel, 1988) . In previous studies, sediments without benthic algae activity have been observed to exhibit a P release rate of 1 mg/(m 2 $d), whereas those with benthic algal activity have been observed to exhibit a P release rate of 0.1 mg/(m 2 $d) (van Luijn et al., 1995) .
Although numerous studies of the effect of benthic algae on the nutrient cycle in sediments and water have been conducted (Dalsgaard, 2003; Tyler and McGlathery, 2003; Koschorreck et al., 2007; Spears et al., 2008) , and the effect of benthic algae on P release from sediments has been examined (Zhang et al., 2013) , few investigations on the effect of benthic algae, grown directly on the sediment surface, on the SRP release from sediments have been conducted. The direct and indirect effects of benthic algae on the release of SRP from sediments have not been well studied, but an understanding of these phenomena would be beneficial to planning for environmental protection relating to P control. Quantitatively separating the processes of benthic algae directly and indirectly affecting the SRP release from sediments using traditional methods is extremely difficult, as they occur simultaneously and at very small scales (Poulí ckov a et al., 2008) .
A carrier-free 32 P radiotracer, in the form of NaH 2 32 PO 4 , offers a sensitive marker of the 32 P activity that can be used to demonstrate the P cycle in the aquatic ecosystem (Noe et al., 2003) . In this study, experiments on SRP release with and without benthic algae in sediment cores and an experiment on SRP uptake by benthic algae were conducted. A 32 P radiotracer was used to evaluate the SRP release from sediments and the uptake of SRP by benthic algae. The direct and indirect effects of benthic algae on SRP release from sediments in shallow lakes could thereby be evaluated.
Experimental setup

Description of sampling lake
Sediment and water samples were collected from the center of Nanhu Lake, a sub-lake of Huizhou West Lake, which is located in Huizhou City, Guangdong Province, in South China. The lake covers an area of about 120 000 m 2 , with an average depth of 1.5 m. The average concentrations of chlorophyll a (Chl a), total phosphorus (TP), and total nitrogen (TN) in the lake are 6.1 mg/L, 0.023 mg/L, and 0.531 mg/L, respectively. The concentration of SRP in the lake water is very low and exceeds the limit of detection. The depth of sediments in the lake is about 20e50 cm. The TP concentration in sediments was 1.047 mg/g in dry weight and the TN concentration in sediments was 1.883 mg/g in dry weight during the study period. In the pore water of sediments, the concentrations of TP and SRP were 0.683 mg/L and 0.015 mg/L, respectively.
Sediment and water sampling
Twelve sediment samples were collected by hand on March 24, 2010 from the center of Nanhu Lake, using perspex core tubes with lengths of 15 cm and internal diameters of 6.5 cm. Each perspex core tube had an injection hole at 4 cm from the bottom, whose diameter was 5 mm. The sediment core samples, with overlying water, were about 10 cm in thickness. All the perspex core tubes were immediately sealed at the top and bottom with silicone rubber bungs to keep the sediment structure intact. These tubes were then placed into boxes with ice and transported to the laboratory in Jinan University. The bungs on the top of the perspex core tubes were immediately removed when they arrived at the laboratory to allow the gas in the tubes to be exchanged with air. Overlying water in the sediment cores was siphoned from the tubes in order to regulate the thickness of sediment cores to 5 cm from the bottom of the tube, which kept the sediment surface 1 cm above the injection hole in the tube (Zhang et al., 2013) . When needed, a 32 P radiotracer, in the form of NaH 2 32 PO 4 , was injected into the sediments through the injection hole. One hundred and twenty five liters lake water were collected using plastic buckets from the center of Nanhu Lake for the experiments.
Benthic algae culture
Benthic algae used in the SRP release experiment were cultured in a laboratory and grown in the twelve sediment core samples. Two-hundred milliliters of lake water were carefully poured into each sediment core tube. Four sediment cores were kept in the dark, where no benthic algae would grow. Eight sediment cores were kept in a lightedark cycle of 12 L:12 D, with an average light intensity of 15.8 ± 9.4 mmol/(m 2 $s) in daytime and darkness at night, which would lead to abundant benthic algae in two weeks. After the culture of the eight sediment cores, four of these cores with benthic algae were used to measure the Chl a concentration and determine the dominant taxa. The Chl a concentration was measured after the Chl a was extracted by ethanol from the sediment cores at room temperature according to a spectrophotometrical analysis technique from Jespersen and Christoffersen (1987) , and the average Chl a concentration was 86 ± 4 mg/m 2 . The dominant taxa were found, using a microscope (Hu and Wei, 2006) , to be Oscillatoria tenuis Ag. and Navicula spp. (class Diatom). The other four sediment cores with benthic algae were combined with the four sediment cores without benthic algae to examine the effect of benthic algae on the SRP release rate from sediments.
Benthic algae used in the uptake experiment was grown on sixteen rounded plastic gauzes in a glass tank (50 cm Â 30 cm Â 40 cm) containing 50 L of lake water. The diameter of each plastic gauze was 65 mm and the mesh size was 2 Â 2 mm; the plastic gauzes were suspended below the water surface in the glass tank and formed a substrate for algae growth. To promote algae growth, the calculated doses of 1.5 mg N, as sodium nitrate, and 0.1 mg P, as sodium dihydrogen phosphate, were added into the glass tank per liter water per week (Wolfe and Lind, 2010) . The water in the glass tank was kept at 30 C and in a lightedark cycle of 12 L:12 D, with an average light intensity about 100 mmol/(m 2 $s) in daytime and darkness at night. After four weeks, there were abundant benthic algae on the plastic gauzes. At the end of the four-week culture period, the benthic algae were transferred to another glass tank with 50 L of lake water and cultured for another 24 h in order to adapt to the experimental water conditions. Prior to the initiation of the experiment, the algaeencrusted plastic gauzes were washed gently with lake water to remove any nutrients adhering to the surface of the algae.
After the culture period, four plastic gauzes were used to measure the Chl a concentration and three plastic gauzes were used to identify the dominant algae taxa. The Chl a concentration was 201 ± 52 mg/m 2 . The dominant taxa were Oscillatoria tenuis and Lyngbya limnetica (class Cyanophyceae), and Rhizoclonium hieroglyphicum and Oedogonium spp. (class Chlorophyceae).
Experiment design
SRP release experiment
Eight prepared sediment cores, of which four had benthic algae and four were without benthic algae, were used to examine the effect of benthic algae on the SRP release rate from sediments. The four sediment cores without benthic algae were considered the control group. The four sediment cores with benthic algae were considered the release treatment group. All sediment cores were injected with 4 mCi NaH 2 32 PO 4 through the injection hole using a syringe (Zhang et al., 2013) . Thereafter, 0.5 mL of water was extracted from the overlying water of each sediment core at the twelfth hour, first day, second day, third day, and seventh day to determine the 32 P activity.
At the seventh day, the oxidation status of sediments was examined in the daytime, with a light intensity of 15.8 ± 9.4 mmol/(m 2 $s), by measuring the DO concentration in the upper sediment layer, using an Unisense microsensor (PA2000, Denmark).
SRP uptake experiment
Benthic algae grown on plastic gauzes were used to evaluate the uptake rate of SRP with different concentrations by benthic algae. Nine perspex vessels (10 cm Â 10 cm Â 5 cm) were used in the uptake experiment, and divided equally into three groups. Filtered water was obtained by removing suspended particles from the original lake water sample through filter membranes with a pore size of 0.45 mm. For each vessel in the first group, 200 mL of filtered water were added and a piece of plastic gauze without benthic algae was put in, and this experiment group was considered the control group. For each vessel in the second group, 200 mL of filtered water were added and a piece of plastic gauze with benthic algae was put in, and this experiment group was considered the uptake treatment group. For each vessel in the third group, 200 mL of filtered water and SRP with a concentration of 0.015 mg/L, which was the same concentration as that of the pore water in sediments, were added and a piece of plastic gauze with benthic algae was put in, and this experiment group was considered the uptake treatment group with high SRP concentration. 0.4 mCi NaH 2 32 PO 4 was added to each vessel for all groups and completely stirred. This was used to assess the SRP uptake by benthic algae under different conditions. Water samples of 0.5 mL were taken from every vessel at the first hour, second hour, and third hour, respectively, to measure the 32 P activity.
Sample analysis
To measure the 32 P activity in the water, each 0.5 mL of water sample (from the SRP release experiment and the SRP uptake experiment) was transferred to a scintillation vial containing a 10 mL scintillation cocktail, including 5.0 g of 2,5-diphenyloxa zole, 0.5 g of 1,4-bis (5-phenyloxazol-2-yl) benzene, 1 000 mL of dimethylbenzene, and 400 g of tritonX-100. The 32 P activity of each sample was counted for one minute using a liquid scintillation counter (Beckman Coulter Model LS6500, Inc., Fullerton, CA), and expressed as cpm/mL (Hansson, 1988) . The results were corrected for a standard 32 P decay rate.
One-way analysis of variance (ANOVA) was performed to detect differences in the mean of 32 P activity in water samples from control and experimental treatments. The DO concentration of sediments in the control group and treatment groups were also analyzed. The threshold significance level ( p) was 0.05 in this study.
Results and discussion
SRP release from sediments
The 32 P activity in water samples in the release treatment group was lower than that in the control group ( p < 0.05), indicating that less SRP released from sediments with benthic algae in the sediment cores. At the seventh day, the 32 P activity of the water samples in the release treatment group was 4% of that in the control group, suggesting a significant reduction in the SRP release from sediments affected by benthic algae (Fig. 1) .
A large amount of external P loads that enter shallow lakes is in particulate form, which is hardly available to algae. SRP released from sediments to water is completely available to algae. Thus, sediment release plays an important role in affecting the pollutant level and the eutrophication in shallow lakes. The results indicate that benthic algae effectively decrease the SRP release from sediments. 
SRP uptake by benthic algae
The 32 P activity was almost at the same level in the control group and in the uptake treatment group ( p > 0.05), suggesting that little SRP was directly taken up by benthic algae. Compared with the 32 P activity in the control group, the 32 P activity in the uptake treatment group with high SRP concentration significantly decreased ( p < 0.05), with a decrease rate of 14% in the first hour (Fig. 2) . However, the decrease rate did not change much with time. After three hours, the 32 P activity in the water was still at the same level.
The direct mode in which benthic algae reduces the SRP release from sediments is biotic uptake (Hansson, 1989) . SRP released from sediments can be directly sequestrated by the biotic uptake of benthic algae (Stevenson and Stoermer, 1982; McCormick and O'Dell, 1996) . The uptake rate varies with different conditions, such as the SRP concentration, forms of available P, growth stages of benthic algae, and benthic algae biomass (Sand-Jensen, 1983; Dodds, 2003) . In this study, little SRP was directly taken up by benthic algae when the SRP concentration was low in water, as in the control group and uptake treatment group. At a high SRP concentration, more SRP was taken up by benthic algae, suggesting that the SRP uptake rate increased with the SRP concentration. However, the 32 P activity was not significantly decreased from the first hour to the third hour, indicating that SRP was quickly taken up by benthic algae (in one hour), and, after that, the uptake rate was kept low, because the benthic algae could have been saturated with SRP.
DO in sediments
In the SRP release experiment, the DO concentration in the release treatment group was higher than in the control group ( p < 0.05) (Fig. 3) . The average DO concentration at 1.5 mm depth in sediment was 1.05 ± 0.47 mg/L in the control group and 4.08 ± 0.97 mg/L in the release treatment group. The maximal depth of the oxic layer in sediment cores was about 4.0 mm in the release treatment group and about 2.0 mm in the control group.
The indirect way that benthic algae affected the SRP release from sediments was through oxidizing the upper layer of sediments. The increased oxygen caused an increasing conversion of the Fe 2þ ions to Fe 3þ ions in the upper layer of sediments, which, together with phosphate ions, formed an insoluble complex. As a result, the SRP release from sediments to water was reduced. In this study, the DO concentration in sediment cores was higher in the release treatment group than in the control group and the thickness of the oxic layer was deeper in the release treatment group than in the control group, indicating that benthic algae made the DO concentration and the thickness of the oxic layer increased due to the photosynthesis. This indirectly reduced the potential release of SRP from sediments, which indicated that the indirect way also plays an important role in reducing the SRP release from sediments.
Benthic algae can rapidly respond to the changes in water quality (Gaiser, 2009; Larned, 2010) . Given that human activities profoundly affect the global biogeochemical cycles of nutrients (Vitousek et al., 1997; Ashley et al., 2011) , the loading of nutrients into aquatic ecosystems at an excessive amount can stimulate the growth of phytoplankton. The growth of phytoplankton leads to the increase of the light attenuation into water. If the light attenuation into water increases severely, light becomes a limiting factor of the growth of benthic algae (Hansson, 1988) . The loss of benthic algae due to eutrophication or enhanced benthic algae growth caused by restoration of eutrophic shallow lakes will markedly change the nutrient release from sediments (van Luijn et al., 1995; Vadeboncoeur et al., 2003; Zhang et al., 2015) . Enhanced growth of benthic algae, in the context of eutrophic shallow lake restoration, can reduce the nutrient availability for phytoplankton and enhance the water clarity (Zhang et al., 2014) , which may in turn stimulate the benthic primary production in the lake (Liboriussen and Jeppesen, 2003; Vadeboncoeur et al., 2003) . Consequently, benthic algae can reduce the SRP release from sediments and reinforce the oligotrophication process (Hansson, 1989) , indicating that benthic algae increase can serve as a measure for improving water quality. 
Conclusions
In this study, SRP release and uptake experiments were conducted, and a 32 P radiotracer was used to evaluate the direct and indirect effects of benthic algae on the SRP release from sediments. The following conclusions were drawn:
(1) Benthic algae could effectively reduce SRP release from sediments. At the seventh day in the SRP release experiment, the 32 P activity in the water of the release treatment group with benthic algae was only 4% of that in the control group.
(2) In the SRP uptake experiment, large amounts of SRP were taken up by benthic algae in the first hour when the SRP concentration was high, and the decrease rate of the 32 P activity was 14%. However, the decrease rate did not change with time, indicating that the benthic algae were saturated with SRP in a short time.
(3) The indirect way of oxidizing the upper layer of sediments through the photosynthesis of benthic algae plays an important role in reducing the SRP release from sediments. In addition, loss of benthic algae due to eutrophication increases the potential negative effects on water quality.
